We have isolated bacterial strains capable of aerobic growth on ortho-substituted dichlorobiphenyls as sole carbon and energy sources. During growth on 2,2-dichlorobiphenyl and 2,4-dichlorobiphenyl strain SK-4 produced stoichiometric amounts of 2-chlorobenzoate and 4-chlorobenzoate, respectively. Chlorobenzoates were not produced when strain SK-3 was grown on 2,4-dichlorobiphenyl.
Although bioremediation is an effective cleanup strategy for many contaminants, efforts to engineer bioremediation systems for polychlorinated biphenyl (PCB)-contaminated soils or sludges have been largely ineffective. One of the more promising PCB bioremediation strategies is sequential anaerobicaerobic treatment (1) . Under anoxic conditions, highly chlorinated congeners can often be reductively dechlorinated (8, 25) , resulting in congeners that can potentially be degraded by aerobic bacteria. The lightly chlorinated congeners (one to five chlorines) remaining after reductive dechlorination can be either utilized as an aerobic growth substrate (12, 16) or cometabolically degraded in the presence of biphenyl (9, 14) .
With few exceptions (5, 10) , anaerobic PCB dechlorination rarely occurs at the ortho positions and generally results in accumulation of ortho-or ortho-and para-substituted congeners (19, 21, 27, 28) . Interestingly, ortho substitution of a PCB also greatly reduces aerobic biodegradability (4, 13) . As reported by Furukawa (11) , PCB isomers with two ortho chlorines, such as 2,2Ј-dichlorobiphenyl (2,2Ј-CB) or 2,6-CB, are rarely susceptible to aerobic cometabolic degradation. As a consequence, limited aerobic degradation of ortho-substituted congeners is a weak link in the development of effective anaerobic-aerobic PCB bioremediation strategies. Possible accumulation of ortho-substituted congeners such as 2,2Ј-CB may also have ecological and human health implications (7, 22) .
Although numerous reports have shown that monochlorobiphenyls can serve as growth substrates (2, 3, 6, 17, 18, 23) , reports of unambiguous growth by natural isolates on CBs has been demonstrated only for Burkholderia sp. strain LB400 (20) . To the best of our knowledge, growth on a di-ortho-substituted CB has not been demonstrated. Here we report the isolation and characterization of unique bacteria capable of using as growth substrates ortho-substituted CB congeners with chlorine substituents on both rings, including an isolate able to utilize 2,2Ј-CB.
The CB-degrading bacteria were isolated from PCB-contaminated, tertiary lagoon sludge as previously described (16) . One isolate (SK-3) was selected based on its ability to grow on both 4-chlorobiphenyl and 4-chlorobenzoic acid (4-CBA) (16) . Another isolate (SK-4) was ultimately enriched and selected based on an ability to grow on 2,2Ј-CB.
Cell growth and biotransformation of CBs were studied in Balch tubes sealed with Teflon-coated stoppers as reported previously (16) . Experiments were done in a mineral salts medium (16) which was amended with 5 or 10 l of a solution of a single PCB congener dissolved in heptamethylnonane (HMN), a nondegradable carrier, to provide an initial concentration of 50 to 100 ppm. For CBs and other compounds mentioned below which have limited aqueous solubility, the concentrations given represent the total mass in both the aqueous and HMN phases, divided by the aqueous volume. Congeners (minimum 99% purity) were purchased from Ultra Scientific (North Kinston, R.I.) and AccuStandard (New Haven, Conn.). Cells used as the inoculum were previously grown on 2 mM benzoate, and biphenyl dioxygenase was therefore not induced by previous growth on biphenyl. Cell growth was measured by a direct counting method after acridine orange staining (15) . In time course experiments, two replicate tubes were sacrificed at each time point by adding 10 ml of hexane and mixing for 6 h on a tube rotator. CB disappearance and CBA production were measured as described previously (16) . The concentration of chloride was determined using a Cole-Palmer 27502-12 chloride ion-specific electrode.
SK-4 was a nonmotile, aerobic, gram-negative rod that was cytochrome oxidase and catalase positive (24, 26) . The results of phenotypic API E testing (bioMerieux Vitek, Inc., Hazelwood, Mo.) for the identification of gram-negative bacteria suggested a strain of Alcaligenes xylos or a Pseudomonas species. The results of fatty acid analysis using high-resolution gas chromatography conducted by Microbial ID Inc. (Newark, Del.) suggested Alcaligenes eutrophus with a very high similarity score of 0.663. Although a definitive identification awaits phylogenetic analysis, we have tentatively identified the bacterium as Alcaligenes sp. strain SK-4. This isolate was able to grow on biphenyl, benzoate, chloroacetate, phenol, all monochlorobiphenyls, and CBs (2,2Ј-CB and 2,4Ј-CB) as sole carbon and energy sources. However, SK-4 failed to grow on naphthalene, all of the CBAs tested (2-, 3-, 4-, 2,3-, and 3,4-CBA), and the other CBs and trichlorobiphenyls tested (2,3-, 3,4-, 2,5-, 3,3Ј-, 3,5-, 4,4Ј-, and 2,3Ј-CB and 2,2Ј,5-, 2,2Ј,3-, and 2Ј,3,4-trichlorobiphenyl). All of the compounds in these growth studies were presented at a concentration of 100 ppm, with the exception of CBAs; for which 2-to 3-mM concentrations were used.
During SK-4's growth on 0.47 mM 2,2Ј-CB as a sole source of carbon and energy, cell numbers increased 10-fold during a 220-h incubation with an approximate doubling time of 37 h (estimated from t ϭ 46 to 163 h) (Fig. 1A) . 2,2Ј-CB was completely transformed into 2-CBA with release of one chloride per 2,2Ј-CB molecule transformed. No significant growth occurred in cultures lacking 2,2Ј-CB, and controls lacking cells did not show any transformation of 2,2Ј-CB. 2-CBA was not further degraded by strain SK-4.
SK-4 was able to grow more rapidly on 0.42 mM 2,4Ј-CB, with an approximate doubling time of 17 h (estimated from t ϭ 48 to 109 h) (Fig. 1B) . Similar to the degradation of 2,2Ј-CB, growth on 2,4Ј-CB resulted in the stoichiometric accumulation of a CBA and the production of chloride. The CBA produced from 2,4Ј-CB was identified as 4-CBA, suggesting that SK-4 utilized only the ortho-chlorinated rings of 2,2Ј-CB or 2,4Ј-CB. No growth occurred in controls lacking 2,4Ј-CB, and the CB was not degraded in incubations lacking cells. SK-4 growth is sustainable on these CBs, and we have maintained this isolate on 2,2Ј-CB as the sole carbon source for over 1 year using monthly 10% transfers to fresh medium.
Isolates able to grow on monochlorobiphenyls as a sole carbon and energy source usually metabolize the nonchlorinated ring and produce a CBA or other chlorinated compound as a product (3, 12, 17, 18) . However, we recently described a new isolate, SK-3, which is able to grow on both 4-CBA and 4-CB (16) . Growth on the latter compound as a sole carbon source resulted in stoichiometric chloride release and did not result in the production of any CBAs. Here we report that SK-3 is also able to grow on 2,4Ј-CB. However, SK-3 was unable to grow on any of the other congeners tested (2,3-, 3,4-, 2,2Ј-, 3,5-, 3,3Ј-, 4,4Ј-, 2,5-, and 2,3Ј-CB and 2,2Ј,3-and 2Ј,3,4-trichlorobiphenyl), with the exception of monochlorobiphenyls. Based on API E tests and fatty acid analysis, we have tentatively identified this bacterium as Burkholderia sp. strain SK-3. SK-3 was also able to use 2,4Ј-CB as a growth substrate, as depicted in Fig. 1C . The doubling time of SK-3 on 0.27 mM 2,4Ј-CB was approximately 43 h (estimated from t ϭ 24 to 119 h). Significantly, no production of CBAs (neither 2-CBA nor 4-CBA) was detected during the growth of SK-3 on 2,4Ј-CB. In contrast to degradation of 2,4Ј-CB by SK-4, the extent of chloride production (0.49 mM) implied that both rings of 2,4Ј-CB were dechlorinated and, possibly, mineralized by SK-3. Growth and degradation ability are sustainable, and we have maintained this isolate on 2,4Ј-CB as a sole carbon source for over 1 year.
Contrary to what has been previously observed for most chlorobiphenyl utilizers, nonchlorinated rings were not required for growth by SK-3 or SK-4. Although Burkholderia sp. strain LB400 has been shown by Potrawfke et al. to be capable of degrading 2,4Ј-CB (20) , the ability to utilize a di-orthosubstituted CB such as 2,2Ј-CB is quite unique and previously unreported.
SK-3 and SK-4 show chlorobiphenyl degradation patterns substantially dissimilar from those reported by Potrawfke et al. for strain LB400 (20) . LB400, for example, was able to grow poorly, if at all, on 2-CB, whereas both SK-3 and SK-4 grow well on this substrate (data not shown). LB400 produced equimolar accumulations of 4-CBA when grown on 4-CB, whereas SK-3 liberated stoichiometric amounts of chloride and did not produce 4-CBA when grown on the same substrate FIG. 1. Transformation of 2,2Ј-CB by strain SK-4 (A), 2,4Ј-CB by strain SK-4 (B), and 2,4Ј-CB by strain SK-3 (C) with accompanying data for cell growth, chloride release, and production of CBAs. CB concentrations are shown for bottles containing a cell inoculum (s) and control bottles lacking cells (ᮀ). CBA concentrations (}) represent 2-CBA in panel A and 4-CBA in panel B. Cell growth is illustrated for bottles containing CB (F) and for controls (E) containing the HMN carrier but lacking CB. Chloride ϭ OE. All data represent the mean of two replicate bottles, and error bars represent 1 standard deviation. Lack of error bars for analytical data indicates that the error bars were smaller than the symbol. Error bars for cell counts were eliminated to improve clarity. The typical standard deviations observed for cell counts were within 20 to 40% of the mean values shown. (16) . More interestingly, growth by SK-3 on 2,4Ј-CB did not produce a CBA as a product whereas LB400 incompletely metabolized this substrate and produced a stoichiometric amount of 4-CBA.
The isolation of these novel microorganisms with the ability to grow on ortho-substituted CBs could be an important step in studying the specificity of aromatic oxygenases, constructing new hybrids with unique abilities, and developing effective PCB biodegradation strategies.
